We describe new planar multiport devices written by spatial solitons that are composed of several nonlinearly coupled components in Kerr-type media. Such devices have no radiation losses at a given wavelength. We demonstrate that, for the same relative angle between the input soliton-induced channels, one can vary the transmission coefficients into the output channels by adjusting the polarizations of multicomponent solitons. We determine analytically the transmission properties and discuss two types of experimental embodiment of the proposed device.
It has been suggested that two colliding spatial solitons that are formed in a nonlinear Kerr-type medium induce a change of refractive index, and this can be viewed as a linear X junction or coupler. 1 Similarly, multiport devices can be formed by several colliding solitons [see Fig. 1(a) ]. Such a waveguide device can be permanently set after its creation in a photorefractive medium. 2 The transmission characteristics of the coupler depend on the soliton intensities and on the angle of incidence between solitons. 3 However, the radiation losses are completely absent at a given wavelength.
In this Letter we extend the analysis of soliton-written devices to the case of vectorial, or multicomponent, interactions. It has been demonstrated both theoretically 4 -7 and experimentally 8, 9 that polarizations of vector solitons are changed during interactions, and this leads to energy redistribution among several components. These results suggest that the f lexibility of soliton-induced multiport devices can be increased significantly and, as we demonstrate below, the linear transmission coeff icients can indeed be controlled by a proper choice of the soliton polarization angles.
We consider the interaction dynamics of multicomponent solitons, which are composed of two or more incoherently coupled components in a medium with Kerr-type self-focusing nonlinearity. Such solitons can be observed, for example, in photorefractive crystals. 10, 11 The generalized polarization state of a vector soliton made from M components characterizes the power distribution between the components. The soliton evolution along the propagation direction can be modeled, in the parabolic approximation, by a system of nonlinear Schrödinger equations for the set of modes that are coupled through the change of refractive index. In the case of ͑1 1 1͒ 2 D spatial geometry, the normalized equations are
where c m is the normalized amplitude of the mth component ͑1 # m # M͒, M is the number of components, z is the coordinate along the direction of propagation, and x is the transverse coordinate. We assume that the change of refractive index is proportional to the total intensity: 
Such an approximation is valid, in particular, for the description of photorefractive screening solitons in the low-saturation regime. We note that under such conditions the self-and cross-phase modulation coeff icients are equal to each other. It was demonstrated that Eqs. (1) is completely integrable by means of the inverse scattering technique, 4, 12 and therefore any localized solution can be represented as a nonlinear superposition of solitary waves. Specifically, we can find the solution for N interacting bright solitons by solving a set of auxiliary linear equations. 13 Whereas only interaction of solitons with parallel or orthogonal polarizations was originally discussed in Ref. 13 , we f ind that the following extended equations can be used for the most general description of vector soliton interactions:
Here e n exp͑b n 1 ig n ͒, b n r n ͑x 2 m n z͒, g n m n x 1 ͑r n 2 2 m n 2 ͒z͞2, and k n r n 1 im n are the complex soliton wave numbers (r n . 0 with no loss of generality). The initial position, phase, and polarization of each soliton are def ined indirectly through the complex numbers x nm . We then obtain the N-soliton solution of the original Eq. (1) by adding all the u nm functions corresponding to a given component number m:
Finally, a linear soliton-written device is characterized by the refractive-index prof ile that is f ixed according to Eqs. (2) and (4). As a matter of fact, the functions u nm form a full set of localized modes of the corresponding linear Eq. (1), if the laser frequency is not changed. Below, we use this property to calculate the transmission properties of soliton-written devices. We consider the situation when the input and output channels are formed by well-separation solitons. Then, the solution of Eq. (3) can be expressed as a decomposition over the prof iles of isolated solitons:
where the signs 2 and 1 correspond to the input (at z z 2 ) and output (at z z 1 ) channels, respectively, and x n 6 def ine the soliton positions. To f ind the complex coeff icients U nmj 6 , we analyze the properties of the original Eq. (3). First, we note that only N modes are linearly independent, since
, , x n 0 , and obtain the following relations:
x j 6 mz 6 1 ln͑C j 6 ͒͞r j ,
where
Equations (7) and (8) can be solved exactly with a simple procedure. First, we find the amplitudes U nmj 6 that satisfy all linear relations in Eqs. (7) and (8) with an additional constraint S x 6 ͑ j , j͒ 1. Second, we present the final solution in the form U nmj 6 K j 6Ũ nmj 6 and choose the scaling coefficients K j 6 to satisfy the nonlinear (last) relation in Eqs. (7). After determining the amplitudes U nmj 6 , we can calculate the soliton shifts, and the input and output polarizations of multicomponent solitons can be found with the help of Eqs. (4) and (5).
Our analytical results not only provide an important generalization of the earlier expressions 4 -6 for collisions of any number of solitons that have arbitrary polarizations but also allow us to calculate the linear guiding properties of soliton-induced devices. A multiport linear device can be conveniently characterized by the complex transmission matrix, T . By def inition,
where V j 6 are the mode amplitudes at the input ͑2͒ and output ͑1͒ channels created by the soliton number, j. According to Eq. (5), V j 6 U nmj 6 should satisfy Eq. (9) for arbitrary n and m. These conditions uniquely determine the transmission matrix coefficients since, according to Eq. (6), there are exactly N linearly independent modes. Moreover, it also follows that full tunability can be realized when the number of solitons equals the number of components, since new modes do not appear when the number of Fig. 2 . Power splitting between the output channels for the mode shown in Fig. 1(c) versus the phase of polarization parameter x 2, 1 .
components is made larger. Then, using the U ͑M ͒ symmetry property of Eq. (1) we conclude that the total number of independent complex parameters in the x nm matrix controlling a multiport device is N͑N 1 1͒͞2 (one degree of freedom is responsible for a shift of the device as a whole), in addition to the N soliton eigenvalues k j that define the width and angles of the waveguide channels.
If a single soliton waveguide number j is illuminated at the input, then power is split between the output channels as illustrated in Figs. 1(b)-1(d) . The fraction of the power in the output channel number j 0 is P jj 0 jT jj 0 j 2 ͞r j 0 . Unlike their scalar counterparts, 3 multicomponent solitons can induce devices with asymmetric power transfer characteristics, P jj 0 fi P j 0 j . We f ind that the power splitting in an X junction depends on only the absolute value of the relative polarization of the two solitons. Already in a threesoliton device, there is an irreducible dependence of power splitting on the relative phases of solitons as a result of multiple beam splitting at the soliton junctions 9 and subsequent interference (see Fig. 2 ). By adjustment of the phase of one polarization parameter, the splitting of the input beam between output channels can be tuned in a wide parameter range. For example, when a arg͑x 2, 1 ͒ 20.1p, the coupling from input channel 2 to output channel 2 is almost completely suppressed, and the power is split between the two other input channels; see Fig. 1(c) . Therefore, such a device can operate as a Y junction. At the same time, input 1 is primarily coupled into output 2, whereas input 3 is more evenly distributed among all output ports. All these characteristics can be further optimized as necessary by adjustment of the absolute values and phases of the polarization parameters x nm .
Our analytical results can be verified by use of several experimental arrangements. One is a light guiding light type of experiment. Rotation of polarizations in two-and three-soliton collisions was observed by Anastassiou and co-workers, 8, 9 and a similar setup can be used to study multiple collisions of solitons that may also have more polarization components. It would be interesting to observe not only the transformation of the soliton polarizations but also transmission of weak probe beam through the soliton-induced device. Another arrangement is a f ixed X-junction experiment. The waveguide can be prepared in advance in a photosensitive medium by photolithography or an equivalent technique. Computer-assisted equipment allows us to make multiport devices, using exact analytical expressions. The transmission coefficients can be controlled by proper selection of the polarization parameters. At the same time, we can choose the angle between the channels to satisfy the design features.
In conclusion, we have developed a general analytical description of the multiport devices formed by colliding multicomponent solitons in Kerr-type media. The soliton-induced devices can be used as ideal single-level optical integrated circuits that have no radiation losses at any given wavelength and share the signal in any desired proportion between output channels. We obtained a closed set of algebraic equations that can be used to calculate device transmission characteristics and perform required optimizations. Our description is applicable to any number of solitons with arbitrary polarization parameters, and this is an important extension of earlier theoretical results. 
